An initial evaluation of FDMA/TDMA and CDMA architectures for the Aeronautical Mobile Satellite Services (AMSS) is outlined in this study. Key factors leading to capacity evaluation using the two accessing schemes are evaluated. Factors include user information rate, transmission filtering roll off factors, frequency band available, frequency reuse, outside cell interference factor, cell size, required Eb/No, soft handoff factor, polarization, and power control error. The purpose of this study is to help in evaluating what systems are capable in servicing the aeronautical mobile users within the Aeronautical Telecommunications Management (ATM). Standard capacity models for CDMA and TDMA were used that are sufficient for initial evaluations, while recommendations are put forth for a more detailed model to use for future studies based on work done in [ 1,2]. Finally, considerations for implementing those systems in simulations are stated.
Introduction
The Aeronautical Mobile Satellite Services (AMSS) is an integral part of the overall ATM Communication, Navigation System (CNS) architecture [3] . The AMSS architecture could range from an only broadcast single satellite system, to a multi satellite, multi beam, with uplink capability. The overall system architecture including the terrestrial links part of it, will determine the role of the AMSS. In order to make an evaluation of what to expect given different feasible architectures, a generic study such as the one presented here can be of help in the evaluation process.
The question of performance benefits, and capacity advantages of TDMA (FDMA/TDMA) systems, as it compares to CDMA systems has been addressed many times in the past. The terreskial cellular systems are frequently compared and conclusions are made that in general favor CDMA over TDMA. Nonetheless the conclusions made for the terrestrial systems are generally based on existing TDMA (IS54, IS136) systems as oppose to any general type systems, or future proposed systems. Similarly, for satellite mobile systems, comparisons were done again based on existing architectures such as Globalstar CDMA, or Irridium TDMA. The satellite studies in general have shown less improvement (at least with respect to capacity) via CDMA, than the terrestrial counterparts due to the increased levels of outside cell interference, and the error caused by the power control algorithms.
Since the AMSS is not dependent on any of the existing architectures, and for the Distributed Air to Ground (DAG) research in specific, where it is looking further into 201 5-2020 time frame, a more general comparison is more appropriate. Additionally, most of the models considered for satellite mobile users were mainly concerned with ground based nodes as oppose to en-route airplanes and hence some differences can arise. Keeping that in mind, a recommendation is made for a suitable model to use for future, more detailed study that is based on work done by [ 1, 2] . The model done in [ 1,2] is comprehensive enough to take into account several factors such as channel fading and shadowing, power control, spot beam antenna gains and imperfections across the cell region. The model have to be tailored to fit the en-route aircraft to LEO, MEO, or GEO satellite application as oppose to the terrestrial mobile nodes it originally had addressed. For example, the enroute application will experience little shadowing compared to terrestrial mobile users. Additionally, for the DAG, there will be no benefit of voice activity detection which is in general a benefit of CDMA based systems. Other issues include larger Doppler shifts due to higher aircraft speeds than terrestrial mobile speeds which effect the FDMA/TDMA channel bandwidths. Last, if for example only a single GEO satellite system is used, then the outside interference from neighbor satellite will be insignificant (which is not the case for LEO constellation).
TDMA and CDMA Models
In this section, the main formulas used to obtain most of the results are shown.
The TDMA analyses are based on preassigned TDMA. That is the users although may not be uplinking to the satellite, they are still expecting to receive unique information. This is a useful application within the Distributed Air to Ground Communication architecture where it may be useful to transmit TIS-B and FIS-B [3] broadcast messages to all the aircraft within the united states via one GEO satellite. In that scenario also, one will need continuous transmissions (as oppose to based on requests for example) and hence a factor such as the voice activity detection is not applicable (i.e. set to 1). From the plot the total unique users that can be accommodated with a 500 Mhz BWto, at the 8 Kb/s rate is approximately 6700 for the TDMA, and 10000 for the CDMA. Note though the 6 db EbNo is on the low side for satellite services in that for BPSK this is slightly higher than BER which would be too high. For this case though, the 6 db was used to be able to compare to IS95 Also one can assume that FEC can improve that value if use of BPSK is necessary. Obviously one do not have to assume BPSK, and other modulation schemes (with FEC) with low EbNo, and acceptable BER can be assumed. Eb/No is produced as per Figure 3 next. As can be seen, changing the value of EbNo significantly affects the capacity plots regardless of the total bandwidth available. Hence for a better CDMA type system, the lower the required Eb/No the better results one gets with respect to capacity at the expense of higher BER. CDMA has the advantage that more powerful FEC can be used with lower rates without sacrificing bandwidth, which is not the case in FDMA/TDMA which will suffer from reduced capacity due to larger channel bandwidth. It is worth noting at this point that the main factor that is effecting the TDMA results is the frequency reuse factor which have been set to 7 in the last few Figures. The value of 7 is an optimistic number in that it is covering one layer of outer cells only (for a multi beam satellite case). A more realistic number would be at least 12. In order to see the effect of different values of the frequency reuse parameters, the next plot (Figure 4) shows the FDMA/TDMA capacity of an 8 Kb/s user rate and a 500 Mhz total B W with a carrier BW of 0.03
Mhz. Once again since the total number of carriers is offset to fill the entire available bandwidth, choosing any other value for the carrier bandwidth will make no difference. All the other parameters are as in Table 1 . As can be seen the total capacity will reduce by an inversely proportional amount. From the plot, the 7 factor gives approximately 13000 user, while the 12 factor give 7800 users. As such if a 12 factor was chosen for the previous plots, there would have been an obvious advantage to CDMA over TDMA in terms of capacity (i.e.
shifting the TDMA part of plots 1 and 2, below the CDMA counterpart). Again this assumes all the other settings of those cases. User Rate, Table 1) Another important factor in the CDMA option (besides Eb/No) is the out of cell interference factor l & . Figure 5 shows the plot of a total CDMA capacity vs. that k t o r . The range is basically varied from 0 (low ideal limit) to 4.0 (assumed worst case upper limit). Note that IS95 utilizes a 0.4 factor while studies done in [ 1,2] show that the value is as large as approximately 2 for a LEO satellite constellation with spot beams servicing mobile users on ground. Again a user data rate of 8 Kb/s and a total B W of 500 Mhz are chosen, while all other parameters are as in Table 1 . As can be seen from Figure 5 , the capacity decreases again linearly fast to much lower levels than expected. Nonetheless, what is also important to see is that this is the case per cell. For a single cell system, the out of cell interference should be null assuming there are no other users within the same 500 Mhz band outside the main coverage area. Next, a more common comparison is shown (Figure 6 ), using parameters from the Iridium system in order to compare results here to other results found in [ 11. Most of the parameters in Table 1 are used again, except for the following variations; the total bandwidth available BW,,, set to 10.5 Mhz, outside cell interference factor roc set C, is 7 (as in Table 1) for FDMA/TDMA, and 4 (special case inclusion) for CDMA Eb/No set to 3.2 db for CDMA
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aset to 0.4 oset t o 0 p lowered to 0.4432 (equal to (0.75/1.41)*(0.5/0.6) where the 1.41 is a carrier spacing factor used in [2] , and the second term is a m=2 modulation difference in parameters used in [2] vs. here, all included as part of p here ) m set 2 for TDMA,l for CDMA
0
The number of spot beams was varied for both CDMA and TDMA fiom 50 to 250 (or cell diameters from 300 to 137 miles respectively). Figure 7 shows the plot of total users vs. number of spot beams. The results match closely with those shown in [2] (although a more simplified model was used in this paper). The results show similar capacity numbers for both CDMA and F D W T D M A (example 1 1000 users with 140 spot beams). It is possible to use those plots to get an approximate figure for other parameter variation at a given spot beam number, such as for example the total bandwidth. For example at a 500 Mhz bandwidth, one can multiply the values by 500/4 to get an approximate value, and similarly with other parameters as per the use of the equations in the previous section. Hence for initial analyses, one can use the simplified equations discussed in the previous section with confidence. This assumes knowledge of what the parameters should be and where they fit (as it compares to more detailed models), even if those are obtained fiom separate analyses (example link analyses). 
No. Of Spot Beams For 4 Mhz L Band Total Bandwidth [2] Comparison
Finally, in order to quantify a typical one beam satellite application (whether it is a broadcast type or one with uplink capability), one more case is shown (Figure 7) . The most important difference to this case is that for the TDMA the frequency reuse factor l , , , is set to 1, while for the CDMA the outside cell interference is set to 0. A 12.5 Mhz total bandwidth B W t o~ was selected, with the carrier bandwidth BW, set to 1.25 Mhz for CDMA, and 30 Khz for TDMA. The frame efficiency p was lowered to 0.75. EbNo was set to 7.2 db. The number of bits per symbol m was set to 1. The number of carriers N, was 10 for CDMA, and 4 16
for TDMA to fill up the total bandwidth. The rest of the parameters were as in Table 1 . The reason for choosing those parameters was to be able to compare again to terrestrial based systems as will be discussed shortly.
In this case, Figure 8 plot shows an obvious advantage to a TDMA based system with respect to capacity. For example at a user rate of 8 Kb/s one can accommodate about 975 TDMA users vs. only 300 CDMA users. Similarly at a 2 Kb/s rate, one can accommodate 3901 TDMA users, vs. 1 170 CDMA users.
The Eb/No in the CDMA case makes a significant difference as well. If the EbNo was set to 2 db, the two plots of Figure 8 would be very close to each other and for lower values would show better capacity numbers for CDMA than TDMA. Nonetheless, EbNo of 2 db or lower is difficult to achieve in satellite based systems.
The results of Figure 8 agree with terrestrial type networks based on one island cell if all the frequencies in the TDMA are used. For example using the same 12. 5 Mhz total bandwidth, the IS136 uses a 30 Khz carrier, hence accommodating 41 6 carriers with each capable of 3 voice channels. Normally this would give 1248 total voice channels (which would correspond to our 975 number, taking into account the differences in some of the parameters such as frame efficiency for example). But in terrestrial systems a 7 fiequency reuse factor is used and then another division by three is taken place to distribute to the three sectors hence giving only 1248/(7x3)=59 users. For the CDMA case usually the 1.25 Mhz carrier accommodate 22 users (since use of an outside cell interference factor of about 0.4 is included), and since there are 10 of them, that gives 220 (which would correspond to our 300 number, taking into account differences in outside cell interference, Eb/No, at a minimum).
Hence when comparing the IS95 CDMA to the IS 136 TDMA one sees that CDMA is better while for a more general TDMA vs. CDMA one island cell application the conclusion is the opposite. Therefore when making a comparison the application, determines whether for example the frequency reuse or outside cell interference factors need to be included, or not, making a significant difference in the conclusions. Although there are many other parameters that will affect the results, it suffices to discuss them. First the voice activity index would have made a large difference. Nonetheless here a unity value is used for it (except for Figure 6 ,7 cases) assuming a DAG type scenario requirement. The roll off factor is at least accounted for and would make a small difference if changed to other values. The power control error is another important parameter. In [I] it is found that for every 1 db increase in power control error, there is a 30% reduction in capacity of CDMA systems. In this study (as oppose to that in [ 13) a lower reduction due to power control error is seen (about 10% to 15%) using the models shown in the previous sections. This is partly due to the differences in the formulation of the two. The roll off factor makes some difference in TDMA, and in the CDMA it factors out making no difference (not seen in equation accordingly). The polarization factor could at most be equal to 2 hence doubling the capacity numbers seen. The soft hand off factor was set to 1 in all of our plots, but for example this parameter is set to 1.66 in CDMA IS95 Nonetheless it is also pointed out in [6] that increasing the soft handoff factor (i.e. percentage of users that can soft hand off with neighbor cells while in transition between the two) will also reduce the interference which can be by a factor of 2, hence this should explain the reason for leaving the soft handoff factor unchanged. Also, the efficiency factor for TDMA chosen at 0. Figure 7 . In general those factors have less of an effect than the ones discussed here, except for the adjacent channel interference and total noise power over total received transponder power with both having an effect of up to 1 db per [2] scenarios (included in Figure 7 case). The capabilities of CDMA, or TDMA to overcome interferences via rake receivers in CDMA, or equalizers in TDMA is not considered here but should be taken into account in the final evaluation.
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Conclusions And Recommendations For More Detailed Models
If one can keep the required EbMo below about 6 db it seems that an obvious advantage of CDMA over TDMA in terms of capacity for more than one cell type system is achieved. That also assumes the ability to keep a small power control error (based on [ 11). Nonetheless if for equal capacity results, or if the capacity is sufficient and hence is not the main issue, then other issues will determine which of the two systems is better for our applications. Among them is the interference rejection capability of the CDMA spreading. Synchronization is not required in the CDMA while it is in the TDMA hence reducing complexity. Multi path can be constructive using rake receivers, nonetheless for DAG and enroute type application this may not be an issue. Similarly, the voice activity index advantage that CDMA utilizes is less applicable in the DAG type environment assuming satellites are used for transmission of TIS-B and FIS-B messages [3] or for receiving ADS-B. Decreasing Eb/No can increase users in CDMA, and hence could be of advantage keeping in mind the lower BER performance and the type of FER used. The final advantage of CDMA over TDMA is in its soft hand off capability with neighbor cells for a multi cell system, which may be very important in the aeronautical environment.
For one cell systems, the capacity is better with TDMA than with CDMA systems unless again a very small EbMo is possible (below 2 db). The conclusions for that were shown in the Figure 7 case and it was obvious that the frequency reuse factor required for multi cell TDMA systems made a significant difference in this case. Again the advantages of CDMA outweigh those in TDMA if the capacity is not the main determining factor due to the same feature listed earlier.
The overall ATM future system architecture will feedback into the AMSS part of it. If the AMSS is for example the primary service link for most application then it may turn out that a careful selection of the type of accessing scheme is needed. On the other hand if the AMSS becomes a secondary type of communication link and the capacity and other performance parameters are less critical, then either one of the accessing systems can be satisfactory, or none for a purely broadcast system with no private channels. Note that although FDMA type results were not explicitly shown, it is in general worse than either TDMA or CDMA and actually can be deduced from our TDMA results if necessary. Regardless, it seems that CDMA is in general favorable due to the advantages just presented. developed in [1,2] is in the author's opinion a best available model for a detailed type of analyses (if found necessary) for the AMSS. It turns out that the model can be simplified due to zeroing of several of its parameters that the AMSS and specifically the DAG application part of it will entail. For example voice activity will have to be set to unity (or close to unity) hence producing nulls in other parameters of those models. Similarly, shadowing can be assumed minimal for aircrafts enroute vs. mobile users on ground. In summary if the AMSS usage and the required data rates turn out to give requirements that are close to the limits shown by the plots in the write up, then it is warranted to do additional detailed analyses utilizing accordingly more detailed models such as the one in Finally it may be possible to further verifl those comparison type models (the one here to that in [ 1,2]) via modeling and simulations. Although it is unrealistic to expect a very easy comparison using the large number of nodes required to reach full capacity of the examples given here, it should be possible to use for example smaller total bandwidths to test out capacity limits. While this may not be directly useful as it may not correspond to a real system, it should be possible to trend it thereafter to larger, more realistic settings. The advantages that one gets with the simulation test are among many; a verification of mathematical formulas via more complicated simulation models, an improvement in the predictions made with simulations and the ability to measure in turn the accurateness of the simulation itself, and finally the need to integrate such models with other ground links already being developed using such simulation packages as Opnet.
Next, it is worth noting that the model 3.B.6-8
